The universal signal for egg activation at fertilization is a rise in cytoplasmic Ca 2+ with defined spatial and temporal kinetics. Mammalian and amphibian eggs acquire the ability to produce such Ca 2+ signals during a maturation period that precedes fertilization and encompasses resumption of meiosis and progression to metaphase II. In Xenopus, immature oocytes produce fast, saltatory Ca 2+ waves that can be oscillatory in nature in response to IP 3 . In contrast, mature eggs produce a single continuous, 
Introduction
Embryonic development is initiated by egg activation following sperm-egg fusion. Egg activation refers to the early cellular changes following fertilization that are crucial for progression into embryogenesis. The universal signal that mediates egg activation in all sexually reproducing organisms studied to date is a rise in cytoplasmic Ca 2+ (Antoine et al., 2000; Stricker, 2000) . The unique properties of Ca 2+ make it well suited to be the conserved egg activation module throughout evolution. Eggs of different species are arrested at disparate stages of the cell cycle, and thus need to activate specific signal transduction cascades to mediate the transition to early embryogenesis at fertilization.
Ca
2+ is a versatile and ubiquitous messenger capable of activating various signaling modules and thus mediating egg activation in different species.
Ca 2+ signals at fertilization have specialized kinetics depending on the species. For example, in mammals and ascidians, Ca 2+ oscillations are observed at fertilization, whereas in the frog, a sustained prolonged Ca 2+ rise is induced (Stricker, 2000) . These species-specific Ca 2+ kinetics are crucial for egg activation, consistent with the fact that information to activate downstream effectors is encoded in the frequency, amplitude, and duration of Ca 2+ signals (Berridge, 1997b) . In mouse, for example, the number of Ca 2+ oscillations following fertilization sequentially mediates specific cellular changes associated with egg activation, ranging from cortical granule fusion to regulation of the cell cycle machinery (Ducibella et al., 2002) . In Xenopus, the long sustained Ca 2+ rise is important for both the fast and slow blocks to polyspermy (Kline, 1988; Machaca et al., 2001) , and for completion of meiosis at fertilization (Lorca et al., 1993) .
Both amphibian and mammalian oocytes are arrested at prophase of the first meiotic division, and during maturation progress to metaphase of the second meiosis. Oocyte maturation comprises both nuclear and cytoplasmic changes. Nuclear maturation refers to entry and progression through meiosis. Cytoplasmic maturation is more obscure but encompasses both morphological and functional alterations. One of the most significant modifications involved in cytoplasmic maturation is the differentiation of the Ca 2+ signaling machinery observed in different species. IP 3 -dependent Ca 2+ release is enhanced following maturation in starfish (Chiba et al., 1990) , hamster (Fujiwara et al., 1993) , mouse (Mehlmann and Kline, 1994) , and Xenopus eggs (Terasaki et al., 2001) . Furthermore, structural reorganization of the primary Ca 2+ storage organelle, the ER, have been described during oocyte maturation of Xenopus (Campanella et al., 1984; Charbonneau and Grey, 1984; Terasaki et al., 2001) , mouse (Mehlmann et al., 1996) , starfish (Jaffe and Terasaki, 1994) , and hamster (Shiraishi et al., 1995) among others. However, the mechanisms regulating the differentiation of Ca 2+ signaling during maturation are not well understood.
In Xenopus laevis, the Ca 2+ rise at fertilization is mediated by IP 3 -dependent Ca 2+ release from intracellular stores (Nuccitelli et al., 1993) , through the type I IP 3 R as this is the only Ca 2+ release channel known to exist in these cells (Parys and Bezprozvanny, 1995) . Furthermore, Ca 2+ influx is not involved in the fertilization induced Ca 2+ signal, since store-operated Ca 2+ entry (SOCE), which represents the primary Ca 2+ influx pathway in these cells, inactivates following germinal vesicle breakdown due to MPF activation Haun, 2000, 2002) . As in other species, the kinetics of IP 3 -dependent Ca 2+ release change dramatically during oocyte maturation. The Ca 2+ release wave travels at a slower speed in eggs as compared to oocytes (approximately 9 vs. 20 Am/s, respectively) (Fontanilla and Nuccitelli, 1998; Lechleiter and Clapham, 1992) , and Ca 2+ oscillations can be induced in oocytes but have not been described in eggs. Furthermore, Ca 2+ waves in oocytes propagate in a saltatory fashion , whereas wave propagation in eggs appears continuous (Dawson et al., 1999; Fontanilla and Nuccitelli, 1998; Nuccitelli et al., 1993 (Parker et al., 1996) . To determine whether the differentiation of global Ca 2+ release during maturation is due to changes in elementary Ca 2+ release, I analyzed Ca 2+ puff kinetics and distribution in oocytes and eggs. This study shows that egg puffs are short lived and spatially wider, yet they release similar Ca 2+ levels to oocyte puffs. Analysis of larger localized Ca 2+ release events, called single release events (SRE), shows that Ca 2+ puffs coalesce in a dramatic fashion in eggs, forming a continuous excitable medium. This clustering of Ca 2+ puffs explains both the continuous propagation of the Ca 2+ release wave in eggs and its slower speed.
Materials and methods
Xenopus oocytes were obtained as previously described (Machaca and Haun, 2002) . Imaging was performed essentially as described by Sun et al. (1998) . Oocytes were injected using a Nanoject II injector (Drummond Scientific Co.) with 23 nl of a 2 mM solution of Oregon Green BAPTA-1 (OG-1) (Molecular Probes) and 0.5 mM caged-IP 3 (d-myo-inositol 1,4,5-triphosphate, P 4(5) -(1-(2-nitrophenyl)ethyl) ester, tris triethylammonium salt) resulting in a final concentration of 40 AM and 10 AM, respectively, assuming an oocyte volume of 1 Al. Injected cells were divided into two groups: one group was untreated (oocytes) and the second group was matured for z16 h with 2.5 Ag/ml progesterone (eggs). Mature eggs were selected N4 h after white spot appearance on the animal hemisphere, which indicates GVBD. At these times, maturation is complete and eggs are arrested at metaphase II of meiosis (Sun and Machaca, 2004) .
During imaging oocytes were incubated in Ca 2+ -free Ringer (in mM: 96 NaCl; 2.5 KCl; 4 MgCl 2 ; 10 HEPES; 0.1 EGTA; pH 7.4) to prevent any Ca 2+ influx from the extracellular space. Ca 2+ imaging was performed on an Olympus IX70 microscope equipped with a Fluoview 300 confocal box using a 40Â UPlanApo oil objective (NA 1.00). UV pulses to uncage IP 3 were from a 100 W Xenon arc lamp and passed through a filter cube equipped with a 360/40 excitation filter and a 400 dclp beamsplitter (Chroma). OG-1 fluorescence emission was passed through a 510 long pass filter before acquisition. UV intensity was modulated using neutral density filters and duration was controlled by a UniBlitz shutter. The shutter and confocal image acquisition were controlled by TTL pulses using pClamp8 software. Linescan images were acquired at 6.14 ms/scan with a pixel size of 0.173 Am and a dwell time of 6 As/pixel. Ca 2+ imaging data were analyzed offline using MetaMorph (Universal Imaging Corp.) and figures were prepared in Adobe Photoshop. Graphs and statistical analyses were generated using Origin software (OriginLab Corp.) . Statistical data are presented as the average F SEM and significance levels were obtained following one-way ANOVA analysis. For linescan confocal imaging the same region in the oocyte or egg was scanned repeatedly over time in linescan mode, thus providing a measure of the changes in Ca 2+ levels over time in a particular region in the cell. Linescan mode was used because it provides better time resolution for fast Ca 2+ release events such as Ca 2+ puffs. Linescan data in all figures are presented with time on the horizontal axis and space on the vertical axis. All imaging was performed on the animal hemisphere of both oocytes and eggs at a depth of 5-10 Am from the cell membrane in the same region as the pigment granules. Experiments were performed on both albino and pigmented cells to rule out any differences due to pigment redistribution during oocyte maturation. No differences were observed in pigmented versus albino cells, and therefore the data from both cell types were pooled.
Results

IP 3 -dependent Ca
2+ release exhibits different global kinetics in oocytes and eggs (Fig. 1) . Prolonged uncaging of IP 3 in oocytes produces a Ca 2+ release wave that rapidly sweeps through the imaged field (Fig. 1A, oocytes) . The Ca 2+ signal reaches a peak within approximately 20 s as the wave sweeps through the oocyte, and then gradually declines back to baseline over the next several hundred seconds (Fig. 1B , circles) due to Ca 2+ extrusion and reuptake into the ER. In contrast, a brief UV-uncaging pulse produces a sweeping wave in eggs with significantly slower rising phase and decay kinetics (Fig. 1A, egg and B, squares) . The slower kinetics of the egg wave is reflected in the wave speed: 22.7 F 1.8 Am/s for oocytes and 8.3 F 0.6 Am/s for eggs (Fig. 1C) . Wave speeds are similar to previously reported values in oocytes in response to IP 3 Lechleiter and Clapham, 1992 ) and in eggs following fertilization (Fontanilla and Nuccitelli, 1998; Nuccitelli et al., 1993) . Similar results for wave progression in oocytes and eggs were obtained by direct IP 3 injection (not shown). The slower decay of the Ca 2+ release signal in eggs was substantiated in line scan experi- ments (Figs. 1D and E) . In this case, eggs respond faster than oocytes to uncaged IP 3 , showing that the initial Ca 2+ release response to IP 3 is more rapid in eggs. The slower rise time observed for the global Ca 2+ wave in eggs (Fig. 1B) is due to the slower wave speed (Fig. 1C ). These data show that the Ca 2+ release wave propagates at a slower speed, and that high cytoplasmic Ca 2+ levels persist for prolonged times in eggs as compared to oocytes. These changes in global Ca 2+ signaling are mediated during oocyte maturation.
IP 3 -dependent Ca 2+ release is sensitized during maturation
An interesting observation from the global Ca 2+ release analysis is that a short UV uncaging pulse in eggs (1 s) was sufficient to induce a global Ca 2+ release wave that invariably swept through the entire egg (Fig. 1A) . In contrast, UV uncaging pulses of 20-40 s were required to produce a global sweeping Ca 2+ release wave in oocytes. This argues that continuous production of IP 3 is required for the oocyte Ca 2+ wave, whereas an initial dIP 3 triggerT is sufficient to produce a fertilization-like Ca 2+ wave in eggs. Therefore, during oocyte maturation, the egg acquires the ability to sustain a global wave in response to an dIP 3 triggerT. These observations could be due in part to increased sensitivity of IP 3 -dependent Ca 2+ release in eggs. (Fig. 2B) . At longer uncaging durations in oocytes (N1.25), mostly Ca 2+ waves were observed (Fig. 2B ). The distribution of the responses in eggs was dramatically different (Fig. 2B ). Even at short uncaging durations (b0.5), all three responses were observed (Fig. 2B ). Ca 2+ waves were observed most frequently at longer uncaging durations which produce no release or puffs in oocytes (0.51-0.99) (Fig. 2B) . At longer uncaging pulses where Ca 2+ puffs predominate in oocytes (1-1.25), only Ca 2+ waves are observed in eggs (Fig. 2B ). These data show that IP 3 -dependent Ca 2+ release is significantly more sensitive in eggs versus oocytes. Furthermore, they argue that eggs are in a hyper-excitable state and are programmed to produce a sweeping Ca 2+ wave in response to IP 3 as would occur at fertilization. This makes perfect physiological sense, as eggs need to avoid an abortive Ca 2+ wave at fertilization, which would lead to polyspermy and the demise of the egg. Therefore, IP 3 -dependent Ca 2+ release is sensitized during oocyte maturation, corroborating a report by Terasaki et al. (2001) who showed that in response to the same amount of IP 3 , eggs release more Ca 2+ than oocytes. As discussed in Introduction, IP 3 -dependent Ca 2+ release is also enhanced in other species during oocyte maturation. The mechanisms mediating this sensitization are not well understood McDougall, 2000, 2003; Lim et al., 2003) .
Characterization of Ca 2+ puffs
As discussed above, Ca 2+ waves in oocytes are considered saltatory and those in eggs continuous Dawson et al., 1999; Nuccitelli et al., 1993) . These two patterns of Ca 2+ release are apparent in Fig.  2A . The oocyte wavefront has a jagged appearance as if the Ca 2+ release wave is jumping from one release site to the next ( Fig. 2A) . In contrast, the egg wavefront has a smooth appearance arguing that Ca 2+ release is moving continuously over space ( Fig. 2A) Fig. 2C . Note that although discrete Ca 2+ release events can be resolved, they vary in their spatial fingerprint and temporal kinetics . These elementary Ca 2+ release events were divided into two groups: Ca 2+ puffs refer to the smallest Ca 2+ release events detected (Fig. 2C, arrows) , and single release events (SRE) refer to larger Ca 2+ release events that are still discrete, spatially isolated, and do not result in local Ca 2+ waves (Fig. 2C, arrowheads) .
Examples of Ca 2+ puffs in oocytes and eggs are shown in Fig. 3A . It is apparent that egg puffs are shorter lived and wider than those in oocytes. Indeed Ca 2+ puffs in oocytes had a width of 2.18 F 0.06 Am, whereas egg puffs were significantly wider at 2.92 F 0.12 Am (Fig. 3B) . The kinetics of Ca 2+ release from oocyte and egg puffs were also different, as illustrated by the average traces (Fig. 3C) . Egg puffs had a significantly faster rise time as shown in the average trace (Fig. 3D, upper panel) , or from the analysis of individual puffs (Fig. 3E , Time to Peak). Furthermore, egg puffs had a more rapid decay back to baseline (Fig. 3D, lower panel) . These two features of egg puffs (faster rise and decay) combine to produce shorter lived puffs as shown in the average traces (Fig. 3C) , and by the analysis of individual puff duration from oocytes and eggs (Fig. 3E, Duration) . Peak Ca 2+ release was not significantly different between oocytes and eggs (Fig. 3E , Peak Ca 2+ release). Interestingly, the estimated amount of Ca 2+ released from egg and oocyte puffs is similar (Fig. 3E) , arguing that the shorter duration of egg puffs is compensated for by the wider spatial fingerprint (Fig.  3) . These data show that, during oocyte maturation, the spatial and temporal characteristics of Ca 2+ puffs are 
Characterization of SREs
SREs were also analyzed in oocytes and eggs (Fig. 4) . Egg SREs were wider (Fig. 4B) , had a higher peak Ca Ca 2+ than oocyte SREs (Fig. 4E ). Time to peak, SRE duration (Fig. 4E) , and Ca 2+ decay back to baseline (Fig.  4D) were not significantly different between oocyte and egg SREs. The size and amount of Ca 2+ released by SREs argues that SREs are due to the coalescence of several puffs. The closer physical proximity of Ca 2+ puffs would lead to simultaneous firing and the appearance of an SRE as a single release event, where in fact it is due to the congregation of two or more puffs. This conclusion is corroborated in Fig. 6 .
To obtain a better handle on the distribution of Ca 2+ release events, I analyzed their density in oocytes and eggs and determined the relative abundance of puffs versus SREs (Fig. 5) . Density analysis was limited to cells that produced a clear Ca 2+ puff response as shown in Fig. 2C . The density of all Ca 2+ release events (puffs and SREs) was similar in oocytes and eggs (6.4 + 0.7 and 6.2 + 0.4 events/100 Am, respectively). However, the majority of these Ca 2+ release events in oocytes are Ca 2+ puffs, whereas in eggs, the balance tips in favor of SREs (Fig. 5 ). This shows that puff sites tend to cluster during oocyte maturation leading to a higher percentage of SREs in eggs.
Clustering of elementary Ca 2+ release events during oocyte maturation
The increased relative abundance of SREs in eggs and their larger width, argue that puff sites cluster during oocyte maturation. Direct evidence for this conclusion is provided by observation of SRE sites over time (Fig. 6) . In oocytes, a large proportion of puff sites recorded present as isolated puffs (Figs. 6a and b, arrows) . Even when puff sites are in close physical proximity, they appear as isolated puffs that fire either synchronously (Fig. 6a), or asynchronously (Fig.  6b ). Fig. 6c shows an oocyte SRE which appears as a cluster of puff sites as can be readily detected by the multiple foci of Ca 2+ release within this SRE (Fig. 6c, lines) . Indeed, the next time this cluster releases Ca 2+ , it takes the form of a puff as indicated by the arrow (Fig. 6c) . Another example of an oocyte SRE that fires as a single puff at a later time point is shown in Fig. 6d . These events, although rare in oocytes, show that an SRE is made of several puffs, that due to their physical proximity fire as a single unit. Therefore, the higher proportion of SREs in eggs (Fig. 5) Fig. 6f shows an example of an egg SRE (arrowhead) that is triggered by a preceding puff (arrow). The SRE covers the initial puff site showing that these two Ca 2+ release events are physically overlapping. Another example is shown in Fig. 6g , two closely spaced puffs (arrows) fire initially and are then followed by an SRE (arrowhead) that overlaps with one of the puff sites.
Figs. 6h and i show longer records (lower panel) with an interpretation of the distribution and firing pattern of puff sites (upper panel). In Fig. 6h , three puff sites are closely spaced along the imaged plane (black ovals). The interpretation of the firing pattern of these three sites is indicated by the numbers next to the red ovals. Initially, sites [1] and [2] fire independently. This is followed by both sites firing simultaneously in the form of an SRE [1,2], followed by site A similar, yet more complex, pattern of overlapping firing sites is observed in Fig. 6i . In this case, eight potential puff sites are predicted based on the width and firing pattern of observed SREs, since individual puffs are not observed in this case (except for site [8] ([6,7,8] ). In fact site [8] fires by itself immediately after the [6, 7, 8] SRE (Fig. 6i, arrow) . The [1,2] SRE induces a large SRE which clearly contains site [2] and could be composed of four puff sites based on its size. The firing pattern and physical overlap of puffs and SREs show that there is a Fig. 6 . Clustering of puffs during oocyte maturation. Linescan examples of puffs and SREs from different oocytes (a-d) and eggs (e-i), illustrating the pronounced overlap of Ca 2+ release sites in eggs. Oocytes were loaded with OG-1 and caged-IP 3 and Ca 2+ puff activity was analyzed in linescan mode as described in Fig. 1 . In all panels arrows point to puffs and arrowheads to SREs. The two horizontal lines in panel (c) indicate two foci of Ca 2+ release within an SRE. For panels (h) and (i) a drawing presenting the interpretation of the actual records is shown above the linescans. In this case the black ovals with numbers represent the predicted distribution of puff sites in the records, and the red oval their firing pattern over time. The numbers next to the red oval indicate which puff sites are judged to be firing. Refer to the text for more details. Scale (3 Am), and time (100 ms) bars are shown in b and apply to all panels. continuum of Ca 2+ release sites in the egg. Puff sites are in close physical proximity in eggs and can functionally fire either as puffs or SREs. The tight spacing of Ca 2+ puffs in eggs increases the likelihood of a sweeping Ca 2+ wave in response to a localized Ca 2+ rise as occurs at fertilization. That is, the clustering of Ca 2+ puff sites in eggs decreases the likelihood of abortive Ca 2+ waves at fertilization. Therefore, Ca 2+ puffs cluster during oocyte maturation resulting in the close spatial proximity and physical overlap of Ca 2+ release site in eggs.
Clustering of puff sites in eggs explains the slower speed and continuous propagation of the Ca 2+ release wave
The spatial redistribution of puff sites during oocyte maturation explains the different modes of Ca 2+ wave propagation in oocytes (saltatory) and eggs (continuous). Ca 2+ puffs in oocytes mediate a fast, saltatory Ca 2+ waves due to the djumpingT of the wave between Ca 2+ release sites. That is Ca 2+ released at one puff site diffuses to a neighboring site and induces Ca 2+ release Lechleiter and Clapham, 1992) . In contrast, the close physical proximity of puffs sites in eggs results in a continuous wave where Ca 2+ released at one site does not diffuse far before inducing release from an adjacent puff site. This explains the continuous wave propagation pattern observed in eggs.
In addition, the clustering of Ca 2+ puffs in eggs also explains the slower speed of propagation of the Ca 2+ release wave in eggs because of the bell shape dependence of IP 3 receptor (IP 3 R) gating on Ca 2+ (Bezprozvanny et al., 1991; Finch et al., 1991; Mak et al., 1998) . That is, high Ca 2+ concentrations negatively regulate IP 3 R gating, yet Ca 2+ is a required co-agonist for IP 3 R gating. This results in a maximal IP 3 R open probability at intermediate Ca 2+ concentrations, whereas IP 3 R open probability is low at both high and low cytoplasmic Ca 2+ concentrations. In eggs, where puff sites are clustered, Ca 2+ release from one site will produce a high local Ca 2+ concentration, which will inhibit gating of IP 3 R in the neighboring puff site. The neighboring site will fire only when local Ca 2+ concentration decreases to reach optimal levels, thus slowing down the propagation of the Ca 2+ release wave. Therefore, the spatial redistribution of Ca 2+ release sites during oocyte maturation explains both the continuous wave propagation pattern in eggs and its slower speed.
Discussion
Ca
2+ is the universal signal for egg activation at fertilization (Stricker, 2000) . Importantly, the Ca 2+ signal at fertilization is specialized, with defined spatial and temporal kinetics that are species-specific. Eggs acquire the ability to produce these specialized Ca 2+ transients during oocyte maturation. However, the mechanisms Implications of the short duration of Ca 2+ puffs in eggs
One interesting finding reported here is that Ca 2+ puffs in eggs are short lived when compared to oocyte puffs. As shown by Parker et al. (1996) Ca 2+ puffs reflect the opening of a cluster of IP 3 receptors. Therefore, the shorter duration of Ca 2+ puffs in eggs in response to IP 3 argues that the mean open duration of IP 3 receptors (IP 3 R) is modulated during maturation. Previous studies using Adenophostin A (AdA) provide important insights into the possible modulation of IP 3 receptor (IP 3 R) function in eggs. AdA is a microbial metabolite that acts as a high affinity IP 3 receptor (IP 3 R) agonist (Takahashi et al., 1994) . We and others have shown that AdA when injected into oocytes produces slower Ca 2+ waves with a prolonged global Ca 2+ rise (Bird et al., 1999; Machaca and Hartzell, 1999) that are reminiscent of the global Ca 2+ signals observed in eggs following IP 3 uncaging (Fig. 1) or at fertilization (Nuccitelli et al., 1993) . Therefore, AdA-mediated Ca 2+ release in oocytes reproduces, to a large extent, IP 3 -dependent Ca 2+ release in eggs. Furthermore, Marchant and Parker (1998) showed that AdA produces short lived Ca 2+ puffs (when compared to IP 3 induced puffs), which are very similar to the IP 3 -induced Ca 2+ puffs we observe in eggs (Fig. 3) . Therefore, both at the global and elementary levels AdA releases Ca 2+ in oocytes in a similar fashion to IP 3 in eggs, arguing that the mechanisms involved are analogous. AdA has an approximately 100-fold higher affinity to the IP 3 R than IP 3 (Takahashi et al., 1994) , and as shown in Fig. 2 , the sensitivity of IP 3 -dependent Ca 2+ release increases dramatically during oocyte maturation, arguing that the observed changes in Ca 2+ release in eggs could be mediated by the increased sensitivity of the IP 3 R to IP 3 . That is, in a similar fashion to the short duration of AdA-induced puffs, the increased sensitivity of the IP 3 R to IP 3 in eggs would lead to short-lived puffs (Fig. 3) .
AdA produces short lived Ca 2+ puffs presumably because the mean open duration of IP 3 Rs is shorter in response to AdA as compared to IP 3 . Possible mechanisms to explain the shorter duration of AdA puffs include modulation of Ca 2+ -mediated inhibition or IP 3 -induced inactivation by AdA . Alternatively, the shorter duration of AdA puffs could be due to alterations in IP 3 R gating when it is activated by AdA. This scenario is strongly supported by the patch clamp studies of Mak et al. (2001) 
Physiological significance of shorter puff duration in eggs
One predicts that the egg evolved mechanisms to prevent accidental activation in the absence of sperm. The shorter puff duration observed in eggs (Fig. 3) could represent one such mechanism. Although puff sites are clustered in eggs, the shorter puff duration in eggs decreases the likelihood of stochastic Ca 2+ release from one puff site triggering release from an adjacent site, and thus leading to a Ca 2+ release wave and egg activation in the absence of sperm. Arguably, the shorter puff duration in eggs is the only reason one can experimentally observe isolated Ca 2+ release events in eggs despite the physical proximity of puff sites. In contrast, in the presence of a robust, although localized, Ca 2+ release signal at fertilization the egg invariably produces a sweeping Ca 2+ release wave due to the clustering of puff sites during maturation. Therefore, the differentiation of elementary Ca 2+ release sites during oocyte maturation provides a physiological explanation for the specialized global Ca 2+ release signals observed at fertilization.
Effect of puff clustering in eggs on the global Ca 2+ release wave
In Xenopus global Ca 2+ release differentiates during oocyte maturation leading to a slow Ca 2+ wave that propagates in a continuous fashion (see Figs. 1 and 2) . The clustering of Ca 2+ puffs in eggs coupled to the biphasic dependence of IP 3 R gating on Ca 2+ account for both the continuous propagation pattern, and slow speed of the Ca 2+ wave in eggs. In oocytes, Ca 2+ released at one puff site diffuses to an adjacent site and triggers Ca 2+ release Lechleiter and Clapham, 1992) , assuming homogenous IP 3 distribution and IP 3 R occupancy.
This leads to the so-called saltatory Ca 2+ wave that propagates rapidly because of the diffusion limited coupling between the dispersed puff sites. In contrast, as shown here, puff sites are clustered in eggs in such a dramatic fashion that it appears that there is a continuum of Ca 2+ release sites in the egg, at least in the cortical region of the animal pole which is the area investigated in this study. The physical proximity of puff sites in eggs readily explains the continuous nature of Ca 2+ wave propagation in contrast to the saltatory propagation in oocytes. Furthermore, the clustering of puff sites in eggs also explains the slow wave speed. Ca 2+ released at one puff site would result in high local Ca 2+ concentration that would inhibit Ca 2+ release from the neighboring site because of their physical proximity. The adjacent site will fire only when local Ca 2+ concentration decreases because of the biphasic dependence of IP 3 R gating on Ca 2+ , thus slowing down wave propagation. Therefore, the differentiation of global Ca 2+ release during Xenopus oocyte maturation can be largely explained by changes in the distribution and kinetics of elementary Ca 2+ release events. The clustering of Ca 2+ puffs documented here is consistent with the previously described redistribution of IP 3 R during Xenopus oocyte maturation (Kume et al., 1997; Parys et al., 1994) . These studies showed that IP 3 Rs, which are diffusely distributed in oocytes, form large clusters in eggs. We have performed anti-IP 3 R immunostaining on oocytes and eggs with similar results (data not shown). Therefore, it is likely that the functional clustering of elementary Ca 2+ release events described here is mediated by physical redistribution of the IP 3 R. Furthermore, Terasaki et al. (2001) studied the organization of the ER during Xenopus oocyte maturation using a GFP-KDEL construct to label the ER. Although large ER clusters were described in this study, direct comparison with puff clustering is not possible since the ER clusters were detected in the vegetal hemisphere whereas our studies have focused on the animal hemisphere. wave observed in these cells. Using a bfire-diffuse-fireQ physical model of wave propagation, Dawson et al. (1999) defined b as a good predictor of the mode of wave propagation, saltatory vs. continuous. b = Ds/d 2 , where D is the Ca 2+ diffusion coefficient, s is mean open time of a puff site and d is the intersite distance. If b bb 1, the wave is predicted to be saltatory, whereas if b NN 1, the wave is continuous. Puff data presented here provide direct evidence for this prediction. Puff duration (s) is shorter is eggs vs. oocytes (duration at half maximal width of 43.5+3 and 57+2.7 ms, respectively). However, puff sites are physically overlapping in eggs showing that d approaches zero. Because b is inversely proportional to the square of d, it will be significantly larger in eggs vs. oocytes, even if the Ca 2+ diffusion coefficient (D) is assumed to remain unchanged during oocyte maturation. Therefore, the primary determinant of the continuous wave propagation in eggs is the close physical proximity of puff sites.
Implications of
